I. INTRODUCTION
The Surface Detector (SD) of the Pierre Auger Observatory is composed of Water Cherenkov Detectors (WCD) extending over an area of 3000 km 2 with 1500 m spacing between detectors. In addition to the detectors in the regular array, some locations of the array were equipped with two and three nearby detectors, placed at ∼10 meters from each other. These "twins" and "triplets" provide a very useful testbench for studies of signal fluctuation, timing resolution and energy and angular reconstruction precision. Combined with the HEAT telescopes and the AMIGA muon detector array, a denser array of WCD with detector spacing of 750 m has also been deployed. The total number of detector stations is 1660. The hardware of the surface detector is described extensively in [1] , [2] .
Installation of detectors started in 2002 and the Observatory has been collecting stable data since January 2004. The construction was completed in June 2008. Figure 1 shows the current status of the array.
The Observatory has been running now with its full configuration for nearly one year and its commissioning is completed. The failure rates of various components have been assessed and the Surface Detector is now entering into a regular long term operation and maintenance phase. Some detectors have been operational already for more than 8 years which permits the study of their long term performance. In this paper, after a short description of the Surface Detector, the detector response and uniformity, its acceptance and long-term performance, and finally its operation and maintenance are discussed.
II. DESCRIPTION OF THE SURFACE DETECTOR
Each WCD consists of a 3.6 m diameter water tank containing a Tyvek R liner for uniform reflection of the Cherenkov light. The liner contains 12,000 l of ultra-high purity water with resitivity typically higher than 5 MΩ.cm. Three nine-inch-diameter photomultiplier tubes (PMTs) are symmetrically distributed at a distance of 1.20 m from the center of the tank and look downwards through windows of clear polyethylene into the water to collect the Cherenkov light produced by the passage of relativistic charged particles through the water. The water height of 1.2 m makes it also sensitive to high energy photons, which convert in the water volume. A solar power system provides an average of 10 W for the PMTs and the electronics package consisting of a processor, GPS receiver, radio transceiver and power controller.
The signals produced by the Cherenkov light are read out by three large 9" XP1805 Photonis photomultipliers. The PMTs are equipped with a resistive divider base having two outputs: anode and amplified last dynode [3] . This provides a large dynamic range, totaling 15 bits, 2 
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extending from a few to about 10 5 photoelectrons. The high voltage is provided locally. The nominal operating gain of the PMTs is 2×10 5 and can be extended to 10 6 . The base, together with the HV module, is protected against humidity by silicone potting.
The signals from anode and dynode are filtered and digitised at 40 MHz using 10 bit Flash Analog-Digital Converters (FADC). Two shower triggers are used: threshold trigger (ThT) and time-over-threshold (ToT) trigger. The first one is a simple majority trigger with a threshold at 3.2 VEM (Vertical Equivalent Muon). The ToT trigger requires 12 FADC bins with signals larger than 0.2 VEM in a sliding window of 3 µs. The time-over-threshold trigger efficiently triggers on the shower particles far away from the shower core. In addition, a muon trigger allows for recording of continuous calibration data. The third level trigger, T3, initiates the data acquisition of the array. It is formed at the Central Data Acquisition System (CDAS), and it is based on the spatial and temporal combination of local station triggers. Once a T3 is formed, all FADC traces from stations passing the local trigger are sent to the CDAS.
A common time base is established for different detector stations by using the GPS system. Each tank is equipped with a commercial GPS receiver (Motorola OnCore UT) providing a one pulse per second output and software corrections. This signal is used to synchronise a 100 MHz clock which serves to timetag the trigger. Each detector station has an IBM 403 PowerPC micro-controller for local data acquisition, software trigger and detector monitoring, and memory for data storage. The station electronics is implemented in a single module called the Unified Board, and mounted in an aluminum enclosure. The electronics package is mounted on top of the hatch cover of one of the PMTs and protected against rain and dust by an aluminum dome.
The detector calibration is inferred from background muons. The average number of photoelectrons per muon collected by one PMT is 95. The measurement of the muon charge spectrum allows us to deduce the charge value for the Vertical Equivalent Muon, Q V EM , from which the calibration is inferred for the whole dynamic range. The cross calibration between the two channels, anode and dynode outputs, is performed by using small shower signals in the overlap region of the two channels [4] .
The decay constant of the muon signal is related to the absorption length of the light produced. This depends on various parameters such as the Tyvek R reflectivity and the purity of the water. The signal decay constant correlates with the so called area-to-peak (A/P) ratio of the signal:
where I V EM is the maximum current of the muon signal. This area-to-peak ratio is a routine monitoring quantity that is directly available from the local station software.
III. DETECTOR RESPONSE AND UNIFORMITY
Stable data taking with the Surface Detector started in January 2004 and various parameters are continuously monitored to ensure the good performance of the detectors. The noise levels are very low. For both the anode and dynode channels, the mean value of the pedestal fluctuation RMS is below 0.5 FADC channels corresponding to about 0.01 VEM. The intrinsic resolution of the GPS time tagging system is about 8 ns requiring a good precision for the station location. An accuracy better than 1 meter is obtained for the tank position by measuring the positions with differential GPS. Figure 2 shows the muon peak current (I V EM ) values for a large number of PMTs. The mean value of the muon peak (I V EM ) is at channel 48 with an RMS of 4.6 showing a very good uniformity of the detector response. Trigger rates are also remarkably uniform over all detector stations, also implying good calibration and baseline determination. The mean value of the threshold trigger rate is 22 Hz with dispersion less than 2%. The time-over threshold trigger is about 1 Hz with a larger dispersion. This is due to the fact that this trigger is sensitive to the pulse shape and thus is more sensitive to the characteristics of the detector. It is observed that the new detectors often have ToT values which are higher and then stabilise after a few months to about 1 Hz. The trigger studies and the studies on the muon response show that the detectors have, after a few month stabilisation, a good uniformity.
Day-night atmospheric temperature variations can be larger than 20
• C. In each tank, temperature is measured on the PMT bases, on the electronics board, and on the batteries which allows to correlate various monitoring data with the temperature. Typical day-night variations are of the order of 2 ADC channels for the muon peak. This is mainly due to the sensitivity of the PMTs to temperature. These temperature variations also slightly affect the ToT-trigger. The muon calibration is made online every minute. This continuous calibration allows to PROCEEDINGS correct for the day-night temperature effects.
IV. DETECTOR ACCEPTANCE
To ensure good data quality for physics analysis there are two additional off-line triggers. The physics trigger, T4, is needed to select real showers from the set of stored T3 data. This trigger is mainly based on coincidence between adjacent detector stations within the propagation time of the shower front. In addition, there is a so-called fiducial trigger, T5, which excludes events where a part of the shower may be missing. The full efficiency of the SD trigger and event selection is reached at 3 10 18 eV. Above this energy, the calculation of the exposure is based on the determination of the geometrical aperture and of the observation time. Figure  3 shows the evolution of the integrated exposure between January 1st, 2004 and December 31st, 2008.
The fiducial trigger is based on hexagons allowing to exploit the regularity of the array. The aperture of the array is obtained as a multiple of the aperture of the elemental hexagon cell. In practice, any active station with six active neighbors contributes exactly to the elementary hexagon aperture, a cell. The number of cells, Ncell(t), is not constant over time due to possible temporary problems in the stations (e. g. failures of electronics, power supply, communication system, etc.). Ncell(t) is constantly monitored. In Fig. 4 the evolution of the number of hexagonal cells with time is shown.
The very precise monitoring of the array configurations has allowed us to exploit data during the construction phase. The evolution as a function of time of the number of trigger cells is globally similar to the evolution of the acceptance. Some differences however can be seen. For example, the pronounced dip seen in Fig. 4 in January 2008 corresponds to a large storm that affected the communication system. Figure 5 shows the area-to-peak ratio for a typical PMT channel as a function of time. Two main effects are observed: a slight global decrease and small seasonal variations. The two curves reflect the maximum daynight variations (see figure caption).
V. LONG-TERM PERFORMANCE
The maximum day-night variations are due to outside temperature variations. As explained above, the muon calibration is made on-line every minute which allows to correct for this effect. Seasonal amplitudes of variaions in the area-to-peak ratio are ∼1%. The seasonal effects are also mostly due to outside temperature changes. The global decrease of the signal as a function of time could be due to changes in the liner reflectivity or in the water quality. From the current studies, the expected fractional signal loss in 10 years is less than 10% which gives confidence in a very good long-term performance of the Surface Detector.
VI. OPERATION AND MAINTENANCE
Currently more than 1600 surface detector stations are operational. Concerning the WCD itself, only very few failures have been detected. Only a few liners were observed to leak shortly after installation. In this case, which constitutes the worst failure mode, the tank is emptied and brought back to the Assembly Building for replacement of the interior components. Similarly, only a few solar panels have been damaged or were missing. Solar power system parameters are recorded and analyzed using the central data acquisition system. The average battery lifetime is 4 years, and batteries are changed during regular maintenance trips.
The PMTs and electronic boards are the most critical elements of the Surface Detector stations. They are subject to very severe environmental conditions: temperature variations, humidity, salinity and dust. The failure rates of the PMTs are about 20 per year (about 0.5%). Some HV module and base problems have been detected as well as some problems due to bad connections. All other failures except those concerning the PMTs (such as broken photocathode) can be repaired on site. It is currently estimated that the number of spare PMTs is sufficient for about 10-15 more years of operation. The failure rate of electronic boards is about 1% per year. Some of the problems are repaired simply by reflashing the software. Most of the electronic problems can also be repaired on site. All the spare parts are stored on site.
The operation of the array is monitored online and alarms are set on various parameters. The maintenance goal is to have no more that 10 detector stations out of operation at any time. It is currently estimated that the long-term maintenance (including the battery change) requires about 3 field trips per week. This maintenance rate is within the original expectations.The maintenance is organized by the Science Operation Coordinator and performed by local technicians. The Surface Detector does not require a permanent presence of physicists from other laboratories on site. However, remote shifts for the data quality monitoring will be implemented.
VII. CONCLUSIONS
The construction of the Southern site of the Pierre Auger Observatory in Malargüe, Argentina, was completed in June 2008 and the Observatory has been running now with its full configuration for nearly one year. The operation of the Surface Detector array is monitored online and alarms are set on various parameters. The design is robust to withstand the adverse field conditions. The failure rates of various components are low and most of the failures can be repaired on site. The maintenance is performed by local technicians.
The characteristics of the Surface Detector stations are very uniform and the noise levels and resolutions exceed original requirements. The acceptance of the array is constantly monitored. This has allowed to take reliable physics data also in the construction phase.
Some detectors have been operational already for more than 8 years which has allowed to study the longterm performance of the Surface Detector. In particular, these studies have shown that the water quality remains excellent over several years.
Intensive and automatic monitoring, low failure rates, and local maintenance capabilities give confidence in a very stable long-term operation of the Pierre Auger Surface Detector. • to 30
• in elevation. The construction of three additional telescopes (High Elevation Auger Telescopes HEAT) is nearing completion and measurements with one telescope have started. A second telescope will be operational by the time of the conference. These new instruments have been designed to improve the quality of reconstruction of showers down to energies of 10 17 eV. The extra telescopes are pivot-mounted for operation with a field of view from 30
• to 58
• . The design is optimised to record nearby showers in combination with the existing telescopes at one of the telescope sites, as well as to take data in hybrid mode using the measurements of surface detectors from a more compact array and additional muon detectors (AMIGA). The design, expected performance, status of construction, and first measurements are presented.
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I. INTRODUCTION
The Pierre Auger Observatory has been designed to measure the energy, arrival direction and composition of cosmic rays from about 10 18 eV to the highest energies with high precision and statistical significance. The construction of the southern site near Malargüe, Province of Mendoza, Argentina is completed since mid 2008 and the analysis of the recorded data has provided first results with respect to the energy spectrum [1] , the distribution of arrival directions [2] , the composition, and upper limits on the gamma ray and neutrino flux [3] , [4] . The measured cosmic ray observables at the highest energies are suitable to tackle open questions like flux suppression due to the GZK cut-off, to discriminate between bottom-up and top-down models and to locate possible extragalactic point sources.
However, for best discrimination between astrophysical models, the knowledge of the evolution of the cosmic ray composition in the transition region from galactic to extragalactic cosmic rays in the range 10 17 eV to 10 19 eV is required. Tests of models for the acceleration and transport of galactic and extragalactic cosmic rays are sensitive to the composition and its energy dependence in the transition region where the current observatory has low efficiency. The fluorescence technique is best suited to determine the cosmic ray composition by a measurement of the depth of shower maximum. However, it is difficult to lower the energy threshold with the original design of the fluorescence telescopes. As the fluorescence light signal is roughly proportional to the primary particle energy, low energy showers can be detected only at close distance to a telescope. The field of view of the existing Auger fluorescence telescope (FD) is limited to 30
30° field of view
• above the horizon (see figure 1 ). At close distances only the lowest few kilometres of the atmosphere are within the field of view. However, low energy showers reach their maximum of development at higher altitudes. Thus, the crucial region around the shower maximum is generally not observable. The small fraction of the shower development, which falls within the field of view, is mostly very dim and is insufficient to determine the depth of shower maximum X max . In addition, this cutoff effect also depends on primary mass and shower direction. A plain reconstruction of the shower profile using raw data would yield biased results with respect to zenith angle and mass composition. Cuts on the data to remove this bias (anti-bias cuts) are not useful as only very few showers would be left for the X max determination.
From these arguments it is clear that an effective and unbiased detection of cosmic rays of lower energies requires the extension of the field of view to larger elevations. From the data collected since 2004, we know that the quality of reconstruction is improved considerably if showers are recorded by a hybrid trigger. These hybrid events provide information on the shower profile from the FD telescopes, but in addition at least one surface detector has detected secondary shower particles simultaneously. The data from the SD system restricts the time and the location of the shower impact point on ground. This improves the reconstruction of the shower geometry significantly [5] . An accurate geometry reconstruction with an uncertainty of about 0.5
• is the necessary basis for energy and composition determination. But recording of hybrid data needs also adequate trigger efficiency for the individual surface detectors at lowest energies. Therefore, an enlarged energy range down to 10 17 eV with high-quality hybrid events requires an extended field of view for FD telescopes in combination with a surface detector array of higher density in a small fraction of the observatory.
II. DESIGN AND PROPERTIES OF HEAT
In 2006 the Auger Collaboration decided to extend the original fluorescence detector, a system consisting of 24 telescopes located at four sites, by three High Elevation Auger Telescopes (HEAT). These telescopes have now been constructed, and they are located 180 m north-east of the Coihueco FD building. At the same time, the collaboration deployed extra surface detector stations as an infill array of 25 km 2 close to and in the field of HEAT. Additional large area muon detectors (AMIGA) [6] will determine the muon content of the shower and further improve the determination of the composition of the primary cosmic ray particles.
The design of HEAT is very similar to the original FD system, except for the possibility to tilt the telescopes upwards by 29
• . In both cases a large field of view of about 30
• × 30
• is obtained using a Schmidt optics. Fluorescence light entering the aperture is focused by a spherical mirror onto a camera containing 440 hexagonal PMTs. An UV transmitting filter mounted at the entrance window reduces background light from stars effectively. An annular corrector ring assures a spot size of about 0.6
• despite the large effective aperture of 3 m 2 . The high sensitivity of the Auger FD telescopes enables the detection of high energy showers up to 40 km distance. A slow control system for remote operation from Malargüe allows safe handling.
Differences between the conventional FD telescopes and HEAT are caused by the tilting mechanism. While the original 24 FD telescopes are housed in four solid concrete buildings, the 3 HEAT telescopes are installed in individual, pivot-mounted enclosures (see figure 2) . Each telescope shelter is made out of lightweight insulated walls coupled to a steel structure. It rests on a strong steel frame filled with concrete. An electric motor can tilt this heavy platform though a commercial hydraulic drive by 29
• within two minutes. The whole design is very rigid and can stand large wind and snow loads as required by legal regulations. All optical components are connected to the heavy-weight ground plate to avoid wind induced vibrations and to keep the geometry fixed. Mirror and camera are adjusted in horizontal position. However, by tilting the telescope the varying gravitational force on camera body and mirror can change their relative position. Supplemental fixing bolts and an improved support structures are foreseen to keep the alignment of the optical system stable, which is essential for telescope pointing and optical resolution. Sensors for inclination are mounted at the mirror top, camera top and bottom, and at the aperture box. Distance sensors monitor the critical distance between camera and several points at the mirror system. These sensors are readout frequently for monitoring purposes.
Another design change for HEAT is the use of an improved DAQ electronics. The concept of the new electronics is the same as before, but as several electronic circuits have become obsolete, every front-end board had to be redesigned. Like the conventional FD electronics, the DAQ of one HEAT telescope contains 20 Analog Boards (AB) for analog signal processing, 20 First Level Trigger (FLT) boards for signal digitizing and storage, and one Second Level Trigger (SLT) board for the recognition of fluorescence light tracks and the initiation of data readout.
Along with faster FPGA logic the sampling rate was increased from 10 MHz to 20 MHz. The cut-off frequency of the anti-aliasing filters on the AB was adapted to about 7 MHz, but the other functions of the board remain the same. The redesigned FLT board implements all functions in FPGA of the Cyclone II FPGA family. A new custom-designed backplane provides dedicated point-to-point links between the FLT and SLT which lead to a factor 40 higher readout speed compared to the previous design. The usage of state-of-the-art FPGA in combination with the higher speed also establishes new fields of application for the DAQ system. The HEAT DAQ system is also the baseline design and the prototype for the Auger North FD electronics.
III. OPERATION OF HEAT
The horizontal ('down') position is the only position in which a person can physically enter the enclosure. This configuration is used for installation, commissioning, and maintenance of the hardware. The absolute PROCEEDINGS OF THE 31 st ICRC, ŁÓDŹ 2009 3 calibration of the telescopes will be performed in this position as well. As the field of view of the existing Coihueco telescopes overlaps with HEAT in down position, it is possible to record air showers or laser tracks simultaneously. By comparing the reconstruction results from both installations one can directly determine the telescope resolution in energy and X max . We also want to reserve part of the time at one HEAT telescope for prototype studies for Auger North. Recording the same event in Coihueco and with the Auger North prototype will allow a direct comparison of the trigger and reconstruction efficiencies. The tilted ('up') position is the default HEAT state. Telescopes are moved into this position at the beginning of a measuring run and stay that way untill the end of the run. From the trigger point of view the telescopes operate like a fifth FD building. Data of of the different installations (HEAT, diffenent FD sites, infill and Amiga, surface detector) are merged offline only, but the exchange of triggers in real time makes the recording of hybrid showers possible. The combined data will improve the accuracy of shower energy and X max determination at all energies, but especially at the lower end down to 10 17 eV.
IV. FIRST MEASUREMENTS
First measurements were performed with HEAT telescope #2 at the end of January 2009. From January, 30 th to February, 1 st the telescope was operated for two nights in up and down position. At first, the camera was illuminated with a short light pulse from a blue LED located at the center of the mirror. The High Voltage for the PMTs and the individual electronic gains were adjusted to achieve uniform light response in every pixel. Subsequent measurements with the LED pulser were performed at different tilting angles, but with the same settings as found in in down position. No indications were found for a gain change due to changed orientation of the PMTs in the Earth's magnetic field.
In the next step, the mechanical stability of the optical system was verified. The telescope was tilted several times from down to up position and back. The readings of the inclination and distance sensors were recorded during the movement. The analysis of the distance between camera and center of the mirror showed damped oscillations of low amplitude which stopped within seconds after the movement terminated. At rest the distance change between up and down position is less than 0.5 mm which is neglible for the telescope's optical properties.
After these cross-checks several showers were recorded with the telescope tilted in up position and in coincidence with Coihueco telescopes #4 or #5. One of the recorded events is shown in figure 3 . The event data of both telescopes match very well in time (colour of the pixels in figure 3 ). The reconstruction yields a shower distance of 2.83±0.06 km from Coihueco and an energy of the primary particle of (2.0 ± 0.2) · 10 17 eV. In figure 4 , the reconstructed longitudinal shower profile is shown together with a fit to a Gaisser-Hillas function. The fit yields a value of (657 ± 12) g cm −2 for X max . The plot also accentuates the need for HEAT telescopes for an accurate reconstruction: Using only the data point above a slant depth of 700 g cm −2 (Coihueco data) it would not have been possible to fit the profile and find a precise maximum. 
I. INTRODUCTION
The Pierre Auger Observatory was built to detect the highest energy cosmic rays known in nature with two distinctive design features, a large size and a hybrid detection system in an effort to observe a large number of events per year with minimum systematic uncertainties. The Southern component of the Auger Observatory is located in the Province of Mendoza, Argentina, and it spans an area of 3000 km 2 covered with over 1600 water Cherenkov surface detectors (SDs) deployed on a 1500 m triangular grid with 24 fluorescence detector (FD) telescopes grouped in units of 6 at four sites on the array periphery, each one with a 30
• elevation and azimuth field of view [1] , [2] . With such a geometry the Auger Observatory has been able to cast light on two spectral features at the highest energies, the ankle and the GZK-cutoff [3] , [4] . At lower energies the electromagnetic fields deflect the particle trajectories rendering impossible to identify the sources, but still composition studies should help discriminate whether the sources are galactic or extragalactic, and where the transition occurs. Besides the mentioned ankle and GZK-cutoff, the cosmic ray spectrum has two other features where the spectral index abruptly changes: the knee (∼ 4 × 10 15 eV) and the second knee (∼ 4 × 10 17 eV). The transition from galactic to extragalactic sources is assumed to occur either at the second knee or along the ankle (see [5] and references therein) and the way to identify it would be a change in the cosmic ray composition from dominant heavy primaries to either a mixed or light-dominated composition.
II. AMIGA BASELINE DESIGN
Within the Auger baseline design described above, the surface array is fully efficient above ∼ 3 × 10 18 eV and in the hybrid mode this range is extended down to ∼ 10 18 eV which does not suffice to study the second knee -ankle region. For this purpose [6] , Auger has two enhancements: AMIGA ("Auger Muons and Infill for the Ground Array") [5] , [7] , [8] and HEAT ("High Elevation Auger Telescopes") [9] . Only a small area is needed since the cosmic ray flux increases rapidly with decreasing particle total energy. On the other hand, the detectors have to be deployed at shorter distances among each other in a denser array since lower energies imply a smaller air shower footprint. AMIGA consists of a group of detector pairs deployed in a denser array comprising 61 detectors spaced 750 m apart and 24 extra detectors spaced 433 m apart. All 85 pairs are placed within de 1500 m SD array. This group of SDs is referred in this paper as the Graded Infill Array or simply the infill. Currently the infill has 35 surface detectors, which have been operational since September 2008, accounting for 40% of its planned full aperture. Figure 1 shows the deployment progress of the infill in the Southern Auger Observatory at the time of this paper.
Each AMIGA detector pair consists of a water Cherenkov SD and a neighboring buried muon counter (MC). The MC consists of three scintillator modules each one lodged in a PVC casing. The scintillators are highly segmented in strips 400 cm long × 4.1 cm wide × 1.0 cm high made of extruded polystyrene doped with fluor and co-extruded with a TiO 2 reflecting coating. They have a groove on the top side where a wave-lengthshifter optical fiber is glued and covered with reflective foil. The fibers end at an optical connector matched and aligned to a 64 channel multi anode Hamamatsu H8804 photomultiplier tube (PMT) of 2 mm × 2 mm pixels. The coupling of the fibers to the PMT requires a fine polishing of the surface that touches the glass on top of the photocathode. For this purpose we use a fly-cutter to polish the surface of the 64 fibers attached to the optical connector as a single unit in order to make the fibers-connector surface as even as possible. The contact of the fiber connector to the PMT glass is lubricated with optical grease and the alignment system chosen for the PMT to fibers coupling is the same one as used by . Each MC would then be composed of 192 independent channels buried alongside a SD at a depth to be experimentally determined [11] .
To test the baseline design, an engineering array also called Unitary Cell (UC) is being built at 7 of the 61 surface detector stations locations in the 750 m infill array, forming an hexagon around the "Los Piojos" central SD. In this array, each MC is composed of 4 modules rather than 3 since a module is halved into two with 200 cm long scintillator bars, providing 256 independent channels in order to assess muon pile-up close to the airshower core. Each MC of the UC will be buried 2.25 m deep. Figure 2 shows a diagram of the scintillator module. The 64 400 cm strips are placed in two groups of 32 at each side of a central dome where the electronics is lodged. The module casing is built with PVC panels (transparent in the figure to reveal the strips) onto which the strips with fibers are glued. Structural stability is provided by four PVC U section bars placed at both sides of the central dome all along the module. The UC MCs are equipped with 0.8 mm diameter St. Gobbin and 1.0 mm diameter Kuraray fibers for the 200 cm and 400 cm strips, respectively.
AMIGA electronics have both an underground and a surface component powered by solar panels, which provide a total of 20W, 24V DC supply to the buried MC on each SD pair. Each scintillator module has a PMT to which a set of printed circuit boards (PCBs) are connected to provide PMT pulse filtering and amplification, digitization, sampling and storing in an internal memory (see [12] for more details on the PCBs). Each PMT signal is filtered by an inverter amplifier of gain ∼ 3.8 and digitized, whose output is sampled and transformed
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Scintillator Strips Electronics dome into digital data by a Cyclone III EP3C25 Field Programmable Gate Array (FPGA) from Altera every 3.125 ns [12] , [13] . The discrimination level can be controlled independently for each of the 64 channels using 8 units of 8-channel programmable 12 bit digital-to-analog converters (TLV5630 by Texas Instruments) which are commanded at any given time from the FPGA. After laboratory experiments, the threshold was set at ∼ 30% of the pixel mean single photo electron (SPE) amplitude (∼ 15 mV after amplification). The underground electronics is regulated by a microcontroller (TMS470 16-bit Risc by Texas Instruments) which performs the data transfer to the surface and the slow control (temperature, humidity and power supplies monitoring).
The digitized pulses are continuously stored in a circular buffer in a static RAM memory, task performed by the FPGA, and upon reception of an SD trigger signal they are adequately channeled through a CAN bus by the microcontroller to the surface detector [13] . On the surface a single board microcomputer receives the data and upon a request from the central data acquisition system at the Auger campus, transmits both SD and MC data by a radio link using the IEEE 802.15.4 standard, as proposed for the AMIGA network. The topology used for this network is point-to-multipoint, in which every SD of the infill connects to a hub in the nearby Coihueco hill. Ultra low power consumption, industrial grade XBee pro radios working over IP are used for this purpose. The Linux TUN driver running on the single board microcomputer of the surface detector is used to tunnel the IP network through the serial port and the XBee radio. Relatively low bit rate (effective ∼ 125 kbps) and 100 bytes frames requires header compression for IP traffic. The first successful tests with the 802.15.4 installed on the "Tierra del Fuego" SD showed no data loss and a reliable communication to the Auger campus. A smaller 16 channel version of the scintillator module was built in 2007 and buried for three months in Centro Atómico Constituyentes (CAC) in Buenos Aires. We measured the amplitude and charge histograms for a Hamamatsu H8711-06 PMT both on the surface and underground. The results showed no significant change on the performance in this first successful data taken from a buried prototype [14] .
A typical amplified train of pulses produced by a background muon is shown in Figure 3 , labeled "analog signal". We see it comprises of four distinctive pulses, the fourth one is an isolated SPE pulse while the third one is a pile up of more than one SPE. Indicated are the equivalent voltage values for the mean SPE amplitude (labeled 100% SPE) and the discrimination level at 30%. The digits on top of each pulse indicate the deduced cumulative number of SPEs that arrive at the PMT. The expected discrimination of this signal is labeled in Figure  3 as "digital signal" and the 0 − 1 string illustrates the output of the four possible 3.125 ns FPGA signals (see [12] for prototype measurements of the sampling process). Results of the simulated sampling and muon counting process are shown in Figure 4 , as performed by the analog front end and the digital board under a one-bit system. This plot shows the arrival time of 12 SPE pulses (labeled "initial pulses") generated in a given channel of the scintillator module by an impinging background muon and their corresponding duration (indicated by the length in the X direction of the 12 lines distributed in the Y axis from 1 to 12). The arrival time of each "initial pulse" is simulated based on results obtained from the characterization of the scintillatorfiber system, and their duration in time is obtained from measurements of the analog front end characterization. The "overlapped pulses" is the resulting digitized signal obtained at the front end after discrimination, comprised of the overlapping of all the analog "initial pulses" in time. The "digital samples" are taken at locations with a mean 3.125 ns separation with fluctuations which take into account the jitter introduced during the sampling by the FPGA. The "window" between inverted triangles denotes the time frame within which no further muon counts are allowed. The AMIGA trigger counts a muon if three or more "digital samples" of value S1 are within this time window. If exactly two S1s are within the time window, they will be counted as a muon if and only if there is one or more S0s between them. Note that the late coming SPE is not overcounted as a muon. AMIGA digital electronics uses a digital 0 for S1 and a digital 1 for S0. These values are switched in these simulations for clarity purposes.
PMTs will be tested in a dark box built in the AMIGA laboratory at CAC before transportation to the Auger Observatory. The relevant parameters to be checked for each PMT are: relative quantum efficiency, gain uniformity between pixels, crosstalk, overall dark-rate (sum of 64 channels) and the SPE mean amplitude. The response of each scintillator strip will be characterized with a 5 mCu 137 Cs radioactive source mounted on an X-Y positioning system or "scanner" designed for this purpose. Figure 5 shows the AMIGA scanner as mounted today in the scintillator module assembly workshop at CAC. The X-Y positioning system has two 1 mm precision linear guides, one for each dimension moved by step-by-step motors. The positioning system has a total effective displacement of 3.75 m in the X axis and 4 m in the Y axis, expandable up to 9 m. Data collected on the scintillator modules tests will be stored on the AMIGA detectors database to keep track of the status of all the MCs during and after the deployment, and for simulation purposes.
III. INFILL MEASUREMENTS
AMIGA data acquisition has now started with the SD 750 m infilled area and preliminary analyzes are presented with a data set restricted to events with zenith angle θ < 60
• and well constrained within the infill (i.e. with the six SDs of the hexagon enclosing the highest signal SD in its center active). The graded infill was envisaged to both have saturated efficiency down to 10 17 eV and significantly improve and test on the main array reconstruction uncertainties [8] . The latter was tested by reconstructing events with and without the infill and by imposing further data cuts of ≥ 7 and ≥ 3 SDs, respectively. The distribution of the space angle differences between the mentioned reconstructions are compared in Figure 6 . The 68% of such differences results to be inside 1.4
• , which shows the good compatibility of the two arrays, and is mostly related to the uncertainty of the Auger regular reconstruction due to the expected better infill accuracy being a denser array.
We also focused on a study of the preliminary energy calibration (see [15] for the method details as applied to the 1500 m SD array) based on events simultaneously detected by the infill and the FD. Note that although the infill and main array calibrations are both extracted from FD energy measurements, they will differ since they have to be optimized for different energy ranges, infill signals are more attenuated with zenith angle, and the infill shower ground parameter is taken at 600 m instead of 1000 m. Figure 7 shows the correlation between the constant intensity cut corrected shower ground parameter S(600, 38
• ) and the FD assigned energy fitted with an exponential function.
IV. SUMMARY
The AMIGA baseline design is finalized and outlined. Final design details are being adjusted in the electronics and the mechanical mounting at the time of this paper. The laboratory tests on the scintillator module prototype and the electronics show positive results. A muon detector module was buried and successfully operated. Field tests on the communications also show system reliability. Infill data acquisition has already began and analysis led to a preliminary calibration. Abstract. An integrated approach has been developed to study radio signals induced by cosmic rays entering the Earth's atmosphere. An engineering array will be co-located with the infill array of the Pierre Auger Observatory. Our R&D effort includes the physics processes leading to the development of radio signals, end-to-end simulations of realistic hardware configurations, and tests of various systems on site, where coincidences with the other detector systems of the Observatory are used to benchmark the systems under development.
Keywords: radio detection
I. INTRODUCTION
Results from the Southern Pierre Auger Observatory as well as the baseline design of the Northern Observatory [1] point to the need of very large aperture detection systems for ultra-high energy cosmic rays (UHE CRs); see, e.g., Ref [2] . There are a number of worldwide efforts to develop and establish new detection techniques that promise a cost-effective extension of currently available apertures to even larger dimensions. These are, for example, the observation from space of fluorescence emission by showers or the use of large arrays of radio antennas.
The detection of radio emission induced by high-energy and ultra-high-energy cosmic rays hitting the Earth's atmosphere is possible because of coherent radiation from the extensive air shower at radio frequencies. This radiation, which is emitted by secondary particles created in the air shower, can be measured with simple radio antennas, as was demonstrated first by Jelley in 1965 [3] . Recently, improved technology has led to a revival of this technique. Radio detectors, like LOPES and CODALEMA produce promising results at energies beyond 10 17 eV [4] , [5] .
With its nearly 100% duty cycle, a signal-to-noise ratio scaling with the square of the cosmic-ray energy, its high angular resolution, and its sensitivity to the longitudinal air-shower evolution, the radio technique is particularly well-suited for detection of UHE CRs in large-scale arrays. Therefore, we are performing an R&D project to study UHE CRs using the detection of coherent radio emission from air showers in the Earth's atmosphere. The project, called AERA (Auger Engineering Radio Array), will have a dimension of about 20 km 2 . For such an area we expect an UHE CR rate of about 5000 identified radio events per year. This data set will be used to address both scientific and technological questions. At the same time, the scale of such an array is large enough to test concepts for the deployment of hardware, for the operation of hardware and software, and to monitor the sustainability of critical parts of the whole system for a much larger array. AERA will fulfill three science goals which are not independent from each other, but have to be tackled sequentially in the time of operation and analysis and in close conjunction with data from the baseline detectors of the Observatory [6] and the enhancements AMIGA [7] and HEAT [8] . They are all located in the north-eastern part of the Observatory near the Coihueco fluorescence building, see Fig. 1 . The three science goals are listed below. 1) Thorough investigation of the radio emission from an air shower at the highest energies. This includes the understanding of all the dependencies of the radio signal on general shower parameters and on the shower geometry. By this a better insight into the underlying emission mechanism will be possible; the question has to be answered which is the theory of choice and to which level one has to consider additional effects [9] . 2) Exploration of the capability of the radio-detection technique. Determination of the extend and accu-racy of stand-alone radio-detection to provide information on the most important physics quantities of UHE CRs: primary energy, primary mass, and arrival direction.
3) Composition measurements between 10
17.4 and 10 18.7 eV where we expect the transition from galactic to extragalactic origin of cosmic rays. With super-hybrid measurements at the AMIGA site [7] , AERA will contribute with a worldwide unrivaled precision to the study of the cosmic-ray energy spectrum and composition in the energy range of the transition . AERA will be co-located with AMIGA, which is overlooked by the HEAT detector. These enhancements of the Observatory provide worldwide the only possibility to study the details of radio emission from air showers in a timely manner.
II. PRESENT STATUS OF THE PROJECT
Initial measurements have been made showing that indeed radio detection of UHE CRs can be performed at the southern site of the Auger Observatory with a setup near the BLS, another one near the CLF (see Fig. 1 ). Still the number of radio events in coincidence with its Surface Detector Array (SD) is relatively small, mainly because of the relatively small scale of the radio detector arrays used. A description of the setups used is presented in Ref. [10] . Here we list some of the initial results and present a short description of these setups. One setup consists of three dual active fat dipole antennas, mounted near the CLF in a triangular configuration with a baseline of 139 m. With this setup, self-triggered events are being recorded and using GPS time stamps, they are compared to events registered with the SD Array of the Observatory. The other setup, located near the BLS, uses dual logarithmic periodic dipole antennas and is triggered externally using a set of two particle detectors. Also in this case the Radio-Detection Stations are mounted on a triangular grid; here the baseline is 100 m. Both setups measure the electric field strength in two polarization directions: east-west and north-south.
Several coincident events between SD and externally triggered Radio-Detection Stations located near the BLS have been recorded [11] . In 27 cases we have recorded simultaneously in three different Radio-Detection Stations a coincidence with the SD. This allowed us to compare in these cases the arrival direction as determined by our Radio-Detection Stations with that from SD. The histogram in Fig. 2 displays for 27 events the measured angular difference between the arrival direction as determined with SD and as determined by our three Radio-Detection Stations. Using a Rayleigh function, the 68%-quantile of the distribution of the angular difference has been determined to be (8.8 ± 1.0)
• . In most events, the number of SD stations used in the event reconstruction was 3 or 4. The angular resolution for these type of SD events is about 2.0
• and can thus be neglected. The major contribution to the angular uncertainty is the relative small distance of 100 m between the Radio-Detection Stations compared to the timing accuracy obtained (about 3 ns). The sky distribution of radio events observed with the setup near the CLF and in coincidence with the SD Array is presented in Fig. 3 . As expected we observe that the efficiency for the observation of cosmic rays with the SD Array does not depend on the azimuth angle. The sky plot of the observed radio events, however, is highly asymmetric with a large excess of events arriving from the south: this represents more than 70% of all events. This observed asymmetry provides further support for the geomagnetic origin of radio emission by air showers and has been observed before in the northern hemisphere [12] . The Earth's magnetic field vector at the site of the Pierre Auger Observatory makes an angle of about 60
AD
• with respect to the zenith and its azimuthal angle is 90
• (i.e. north). This is indicated as the cross in Fig. 3 . In the geomagnetic model, electric pulses will be strongest if the shower axis is perpendicular to the magnetic field vector. And for these observed events the trigger for radio detection was a simple pulse-height threshold on the radio signal, which explains why we detected more events coming from the south than from the north.
Studies with solitary systems have been performed. These systems are powered by solar energy, have a wireless connection to a central DAQ system, and operate in self-trigger and/or externally triggered modes. Special attention has been paid to reduce self-induced noise caused by DC-DC converters and by digital electronics. With this system self-triggered events have been obtained. However, for these events there were no data from more than two radio stations and thus the arrival direction could not be compared with that from SD. Nevertheless this is the first time ever that such an independent detection has been achieved using Radio-Detection Stations [13] .
Noise levels have been studied in detail. For this analysis we have defined the root mean square (RMS) value for 750 consecutive samples of each time trace with have a sampling rate of 400 MS s −1 . Using a digital filter the analyzed signals were limited to the frequency band between 50 and 55 MHz. The distribution of these RMS values, measured for a period of almost one year, are plotted in Fig. 4 . This figure displays for two polarizations the distribution of all the calculated RMS values as a function of the local sidereal time (LST) for one of the Radio-Detection Stations. For both directions of the polarization, we recognize the same trend: an increase in the RMS value around 18:00 LST (see also Ref. [11] ). This time coincides with the passage over the Radio-Detection Station of an area near the galactic center with an increased brightness temperature in the radio frequency band [14] . These studies enable us to monitor the overall detection threshold and the gain pattern of antennas used.
The signal development of radio pulses induced by UHE CRs in the atmosphere has been modeled using extensive Monte-Carlo simulations, tracking electron-and positron density distributions, and by using macroscopic calculations [9] . In addition, a modular detector simulation package has been written, where various important components of the signal development as it passes through the electronics chain can be simulated and compared with data [15] . A conceptual design has been made for the offline analysis and visualization codes [16] . This package will be merged with the standard offline analysis which is To investigate the relation between the RMS and the depende per frequency the average frequency spectrum is calculated is shown in Figure 8 . Figure 8 indicates that high RMS different contributions: Narrow lines start to appear and t complete frequency range increases (narrow and broad band figure does not imply that broadband and small band back at the same time, since this is the average frequency spectr are believed to be due to man-made emission (for example munication channels). The increase of the broadband back to pin point down. Causes can be nearby electronic devices effects, atmospheric interactions etc.
In order to investigate the main behavior of the backgro domain, a selection is made. In each time bin of Figure 7 Figure 5 shows an areal view of the site. AERA will have a core of 24 stations deployed on a triangular grid with a baseline of 150 m. This core is about 4 km east of the Coihueco fluorescence telescope; it provides an excellent overlap for events which will be observed with both detection systems. Around this core, there will be 60 stations on a triangular grid with a pitch size of 250 m. Finally, the outer region of AERA will have 72 stations with a mutual distance of 375 m. Each Radio-Detection Station will operate on solar power and has its local data-acquisition. Like the SD of the Observatory, event definition will be based on timing information sent through wireless communication by the Radio-Detection Stations to a central data-acquisition system, located near the center of AERA. The design of the antennas and of the electronics will be optimized to have a high sensitivity in the frequency band between 30 and The expected performance of the array has been calculated applying different methods. Measurements of the lateral distribution of the radio signal as obtained by the LOPES [17] and CODALEMA [18] experiments have been taken into account as well as shower simulations with the REAS2 code [19] . To estimate the expected event rates, the effective area is multiplied with the cosmic-ray flux. The present estimates are based on the spectrum measured by the Pierre Auger Collaboration [20] . The flux below 10 18.45 eV has been extrapolated, assuming a spectral index of −3.3, which is typical for the energy region between the second knee and the ankle, 10 17.6 -10 18.6 eV. The expected number of events per year is depicted in Fig. 6 for the three different approaches. The main difference between the approaches is in the threshold region, where the largest uncertainty comes from the extrapolation of the flux spectrum to lower energies. Taking a conservative approach and using the CODALEMA and LOPES extrapolations, the threshold for the radio array is around ≈ 10 17.2 eV.
Summarizing, AERA will be the first large radiodetection array for the observation of UHE CRs. As it will be co-located with the other detector systems of Auger it will provide additional and complementary information on air showers which can be used, e.g., for the determination of the composition of UHE CRs.
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I. INTRODUCTION
The Pierre Auger Observatory is the largest air shower detector in the world with a hybrid detection system consisting of a surface detector array (SD) and a fluorescence detector (FD). The SD of the Southern site near Mendoza, Argentina, consists of more than 1600 waterCherenkov detectors arranged in a triangular grid with 1500 m spacing. It is overlooked by 24 fluorescence telescopes of the FD, arranged in four groups of six telescopes each [1] , [2] . The Auger collaboration has been successfully taking data for several years measuring with full efficiency energies above 3×10 18 eV using the SD and above about 10 18 eV including the FD. To reach full efficiency also for lower energies down to about 10 17 eV, from which the second knee and the ankle of the energy spectrum can be fully seen and where the transition from galactic to extra galactic cosmic rays is assumed to occur, the Auger Observatory will be upgraded with two additional detector setups, AMIGA (Auger Muons and Infill for the Ground Array) and HEAT (High Elevation Auger Telescopes). HEAT will be discussed in detail elsewhere [3] . The AMIGA enhancement consists of 85 water-Cherenkov surface detectors, each with a 30 m 2 plastic scintillator buried about 2.5 m underground. The final depth will be decided taking the results of the BATATA detector setup into account [4] . Out of the 85 detector stations 61 are arranged in a 750 m triangular grid and 24 in a 433 m grid. They are overlooked by the FD and HEAT. The scintillators will be used to determine the muon content of the air shower, which is one of the relevant shower parameters e.g. for composition analyses. Since the Infill part of AMIGA, i.e. the additional arrays of surface detectors, is described elsewhere [5] , this contribution concentrates on the muon detector part, especially on tests performed with a prototype system. For a detailed description of the muon detector system see also [5] .
II. THE AMIGA MUON DETECTOR
The muon detector of an AMIGA detector station consists of three independent muon scintillation counters, each divided into 64 strips and read out by a 64 channel multi anode photomultiplier (PMT). To process the PMT output signals, a modular readout system of four different electronic boards has been developed and prototypes of all modules have been produced and successfully tested. These modules are the Mother Board (MB), the Daughter Board (DB), the Digital Board (DGB) and the Power Distributor Board (PDB). By the end of 2009 a muon counter prototype will be installed in the Auger array using a 4.8 m long scintillator module (Figure 2 ) and the complete electronics system consisting of the existing prototypes. Following a test run of about two months with this detector, another prototype detector, consisting of a 8.8 m long scintillator module, will be added. After another test run period the first final muon counter of the AMIGA array will be installed. To equip all 85 AMIGA detector stations almost 3000 individual boards are needed, which underlines the need for an automatized test system during mass production. Each of the 85 AMIGA muon counter electronics setups will be tested and fully characterised in Siegen before being installed in the AMIGA array without any further dismounting. In the following, short descriptions of all boards and the corresponding test results are given. Figure 1 shows an overview of the complete prototype system and Figure 3 a picture of the assembled system in the laboratory.
A. Mother Board
The MB provides a socket for the multi-channel PMT, its power supply and monitoring of the high voltage applied. Signals are distributed to 8 DBs, plugged into the MB. In all tests concerning the steering and monitoring of the high voltage of the PMT, the MB prototype performed as specified. 
B. Daughter Board
The DB is the signal forming module of the muon counter electronics chain. Each DB consists of eight channels, in which the analogue photomultiplier signals distributed by the MB are inverted and amplified by operational amplifiers by a factor of about 3.1. In a second step, the outputs of the operational amplifiers are compared to a given threshold. In case the amplitude of the signal in one channel exceeds the threshold voltage, the digital output signal of this channel is set to zero. To compensate variations of the PMT gains as well as variations of the gains of the operational amplifiers, the threshold voltage can be set individually for each channel using an eight channel DAC (digital-to-analog converter) on each DB. Figure 4 shows measured single electron input pulses and the corresponding output of the DB. The bandwidth of the DB has been measured as (134 ± 5) MHz, which is more than sufficient. The typical behaviour of a single channel is shown in Figure 5 . 
C. Digital Board
The DGB continuously stores the digitised data received from the DBs into a ring buffer. Receiving a trigger signal (T1) from its corresponding SD station digitised muon data of 1.6 µs before and 3.2 µs after the trigger signal are stored in a memory. Only the muon data confirmed by a higher trigger level signal (T3) is sent via radio to the central data acquisition. This readout is realized by using an FPGA, an external RAM, a microcontroller unit (MCU) and a single board computer (SBC) and is described in detail in [6] . The tests discussed here were performed using a prototype system consisting of two separate boards, one for the FPGA and one for the MCU. These will be merged into one DGB in the next iteration.
To synchronise data from the muon detectors with events recorded by the SD, a dedicated line for the T1 trigger is used. The signal delay of this line has been measured using the prototype system. It stems from the cable length of about 15 m, the galvanic isolation in the underground electronics and the latencies of the transmitter and receiver module. The latter also adds jitter to the signal.
As can be seen in Figures 6 and 7 a delay of 106 ns and a jitter of about 55 ps have been measured. Since the digital input pulses from the DBs are sampled with a rate of 320 MHz by the FPGA, which corresponds to sampling intervals of 3.125 ns, this jitter is negligible.
D. Power Distributor Board
The PDB derives all supply voltages needed by the electronics modules from the battery voltage of + 24 V. In addition, the ground levels of both detectors, the SD station and the muon detector, are electrically isolated from each other to reduce noise generated by ground loops. For the same reason, also the ground levels of the communication lines (trigger and CAN) are isolated by the PDB. The PDB performed in all tests within its specifications.
III. SYSTEM TESTS
The full readout chain has been set up using the prototype modules described above, i.e. the performance of the complete system can be studied. As an example Figure 8 shows the efficiency of one channel of the readout system as a function of the input signal amplitude for a given comparator threshold.
Instead of connecting a scintillator and a PMT to the electronics, a pulse generator is used. The output of the pulse generator can be fanned out with a 64-channel multiplexer to each of the 64 input channels, using a specially developed interconnection card. Square-pulses at 200 Hz, with a width of 100 ns and variable amplitudes, are used. For each amplitude, 1000 pulses are sent to the electronics.
For the FPGA, special system test software was developed. The comparator thresholds of the 64 readout channels are programmed. The FPGA is reading the comparator output information with 160 MHz. If a digital 0 is detected on at least one channel, a trigger flag is set and the information of all comparators at trigger time and the following 4 sample times is given to the microcontroller together with a timestamp. The system test software driving the microcontroller then submits these data to a PC via Serial Port.
Thus, depending on the amplitudes of the input pulses, the electronic noise of each channel can be extracted from the efficiency curves recorded as shown in Figure 8 for a single channel.
The threshold voltage of the comparator has been set to 14.7 mV including an offset value of 9.7 mV. This offset has been measured when programming the comparator to nominal 0 V. The output voltages of the comparator can be set with a precision of 1 mV.
The data points were fitted with the function f (u) given in Equation 1.
p1 describes the position and p 1 the width of the s-curve. A χ 2 -fit has been performed and the threshold level has been reconstructed at (15.1 ± 0.1) mV. The electronic noise is below a level of (0.33 ± 0.04) mV, determined from the width of the fitted curve as U noise = 1.812 · p1 2 . The system tests so far employ especially developed code. As soon as the original/final codes for the FPGA and the microcontroller are available, these will be used also in the system tests.
The data transferred has been checked for its correctness and no errors have been found at a CAN bus transmission rate of 1 Mbps. In future the test system will be used for several additional tests, e.g. crosstalk measurements. In parallel, the test procedures for the mass production of the final system are being developed and checked.
IV. SUMMARY
A muon detector system has been developed for the AMIGA enhancement of the Pierre Auger Observatory. This development includes a complete prototype system of the highly modular readout electronics, which has been successfully produced and tested. The performances of all components are well within their specifications. The bandwidth of the analogue front-end has been measured to be sufficiently large and the trigger propagation delay has been determined and shows negligible jitter. In addition, the readout efficiency of the complete system has been measured as a function of the input signal amplitude, which shows, that the system is fully efficient above threshold. [2] to describe complex 3D geometries realistically and to allow the required optical processes to be included in the simulation. The Fluorescence Detector (FD) of the Pierre Auger Observatory is composed of 24 fluorescence telescopes, located in four buildings overlooking the Surface Detector array. Each telescope features Schmidt optics consisting of a ring shaped corrector lens placed at the entrance pupil and a 11 m 2 spherical mirror. The incoming light is focused on to a spherical camera, containing 440 hexagonal pixels made of photo-multipliers (PMT) and light guides [3] .
Geant4 is a software toolkit, developed in the C++ programming language, to simulate the interaction of particles through complex 3D geometries. In Geant4 the user defines the geometry and composition of the media, as well as a primary particle and its properties. The kernel then takes care of the tracking and interactions of the primary and secondary particles throughout the defined "world", taking into account the properties of the traversed materials and the selected physical processes.
The tracking of optical photons includes refraction and reflection at medium boundaries, Rayleigh scattering and bulk absorption. The optical properties of a medium, such as refractive index, absorption length and reflectivity coefficients, can be expressed as tabulated functions of the wavelength. In addition, specific characteristics of the optical interfaces between different media can be defined using the UNIFIED optical model [4] , which provides a realistic description of surface finish and reflector coatings. Complex geometries can be defined by exploiting the Constructive Solid Geometry (CSG) functionalities in Geant4, that allows to build complex solids from simple ones using boolean operations.
This simulation is included in the Pierre Auger simulation and reconstruction framework [5] . It is being used in several performance studies of the fluorescence telescopes, in particular those related to the optical spot and the light detection efficiency.
II. IMPLEMENTATION OF THE TELESCOPE COMPONENTS WITH GEANT4
Account was taken of the description of the corrector lens profile, the details of the mirror geometry, including the parameters of each individual mirror, and the different components of the camera, including light guides and photo-multipliers (PMT). The optical properties of all materials, such as the absorption length and the refractive index, are described in the simulation.
The filter at the entrance pupil of the fluorescence telescopes is implemented as a disk made of M-UG6 [6] , with a diameter of 2.2 m and a thickness of 3.25 mm. The filter is positioned perpendicular to the optical axis of the telescope at (0, 0, −10 cm) 1 . The refractive index is set to n = 1.526 and the absorption length is computed from the transmittance for the filter material with a nominal value of 0.83 at a wavelength of 370 nm for a thickness of 3.25 mm.
The simulation of the corrector lens, made of BK7 glass, uses the Geant4 class G4Polycone. Given the lens axial symmetry this class enables the description of an arbitrary profile, by its decomposition into a sufficiently large number of straight segments. The segmentation of the corrector lens in 24 petals, each with an angular width of 14.735
• is also implemented in the simulation. A visualization of the lens profile is shown in figure 1 .
The telescope mirror, composed by 64 hexagonal elements arranged in 8 rows, is implemented in full detail in the simulation. The mirror elements are quasihexagonal spherical mirrors, and their shape depends on the position in the telescope mirror. To define the mirror elements, 3 to 5 (depending on the type of element) trapezoids are joined and the resulting solid is intersected with a spherical shell, with inner radius equal to the radius of curvature of the mirror element. A visualisation of one mirror element is shown in figure 1 . The positioning of the hexagonal elements emulates the alignment procedure performed in the real telescopes, with the centre of curvature of each element coinciding with the alignment point, which is located at the origin of the telescope reference frame. The optical properties of the mirror are implemented by defining the reflectivity in the interface surface between the air and the mirror. The curvature radius, positioning angles and reflectivity of each individual segment are read from a database. The cameras of the fluorescence telescopes are composed by the light guides, the PMTs and the supporting structure [7] . The light guides are placed at the vertexes of each hexagonal PMT. In the Geant4 simulation they are made by the union of three triangular prisms, each built using the Geant4 class G4Polyhedra. The reflectivity at the surface interface is set to 0.9 for all wavelengths. In the simulation the PMTs include the hexagonal window and the metallic photocathode. A sensitive detector is associated to the photocathode to simulate the detection of photons. The quantum efficiency is taken into account a posteriori by applying it to the recorded signal at each pixel. Both the PMTs and the light guides are placed following the curvature of the camera. The body of the camera support and feet are also included, to correctly simulate the shadow effect. A view of the camera as implemented in the simulation is shown in figure 2 .
The fully assembled telescope is visualised in figure 3 which shows photons arriving at the telescope parallel to the optical axis tracked through the various optical elements of the telescope and focused onto the camera.
III. SIMULATION OF THE TELESCOPE PERFORMANCE
The simulation is being used in studies of the performance of the fluorescence telescopes, concerning the optical spot and the light detection efficiency. Some of the results of these studies are summarized below. 
A. The Optical Spot
The telescope optics was studied by characterising the image produced on the focal surface. The photon position in the focal surface is defined by the elevation angle, α = arcsin (x/R FS ), and the azimuth angle, β = arcsin (−y/R FS ), where R FS is the radius of curvature of the focal surface and x, y the Cartesian coordinates of the photon at the camera. Beams of parallel photons were simulated at input angles, with respect to the telescope axis, of θ = 0
• , θ = 5
• , θ = 10
• and 15
• , with ϕ = 135
• The spots observed at the ideal focal surface are shown in figure 4. For photons with an input angle of θ = 0
• the spot presents an almost complete circular symmetry, which arises from the symmetry of the telescope with respect to the optical axis, only broken by the square camera body. For larger angles the central region of the spot is deformed along the same direction as the input direction of the photons. This is due to the photons passing through the corrector lens. Since the mirror is spherical, the contribution due to the photons crossing the hollow part of the lens still results in a symmetric spot, except for the region obscured by the camera. These spots obtained with the Geant4 simulation confirm the optics performance expected from previous ray tracing studies [8] .
B. Photon Distribution at the PMTs
Photons crossing the focal surface reach the PMTs, directly or after being reflected by the lightguides. The position of the photons on the PMT window are shown in figure 5 . In the top image the spot is contained inside the pixel, with few hits on the light guide and the centre of the pixel densely illuminated. However, when the incoming photons are focused at the vertex of a light guide the three adjacent PMTs are hit, as shown in the bottom image of figure 5 . In this case a large fraction of photons is reflected at the light guides, resulting in a blind circular region centred on the light guide vertex. From these example cases it is clear that the illuminated zones of the PMTs vary with the position of the spot centre. The collection efficiency of a PMT varies along the photocathode, which can yield an additional contribution to the overall telescope efficiency with the spot centre position. The non-uniformity of the PMT response can be taken into account in this simulation framework.
C. Comparison with laboratory data
The simulation was compared with laboratory measurements of the light detection uniformity [7] (and references therein), where a small version of the camera with seven pixels was used. Since the telescope optics is fully implemented in the Geant4 simulation and the Page 28
experimental setup reproduces the spot generated by the telescope optics, the measurements can be simulated by illuminating the diaphragm with parallel light rays with varying incident directions, enabling a scan of the seven central pixels. As in the laboratory measurements two scans were performed: one through the arms of the light guides and one passing over the vertexes. The efficiency, defined as the ratio between the number of photons that arrive at the PMTs and the number of generated photons, normalised to the efficiency value in the centre of the central pixel, is shown in figure 6 for the first scan. The measurements are shown for comparison. Good agreement was found in both cases. The efficiency variations are of the order of 15% over the camera surface. The result of 0.85 for the lowest value of the efficiency obtained in the measurements is reproduced by the simulation. The steep fall in the extremes of the scan in the laboratory data is due to the fact that in the laboratory setup only seven pixels were present.
IV. CONCLUSIONS
The full simulation of the 3D geometry of the telescopes of the fluorescence detector of the Pierre Auger Observatory was implemented using the Geant4 Monte Carlo toolkit. This simulation is being used in several studies of the performance of the telescopes, in particular those related to the optical spot and the light detection efficiency. The capability of describing realistically and in detail all optical elements of the telescopes contributes to deepen the understanding of the FD performance. 
I. INTRODUCTION
Education and public outreach (EPO) have been an integral part of the Auger Observatory since its inception. The collaboration's EPO activities are organized in a separate Education and Outreach Task that was established in 1997. With the Observatory headquarters located in the remote city of Malargüe, population 20,000, early outreach activities, which included public talks, visits to schools, and courses for science teachers and students, were aimed at familiarizing the local population with the science of the Observatory and the presence of the large collaboration of international scientists in the isolated communities and countryside of Mendoza Province. The collaboration has been successful becoming part of the local culture. As an example of the Observatorys integration into local traditions, the collaboration has participated in the annual Malargüe Day parade since 2001 with collaborators marching behind a large Auger banner (see Fig. 1 ). The Observatory's EPO efforts have been documented in previous ICRC contributions [1] . We report here highlights of recent education, outreach, and public relations efforts. Fig. 2 shows Auger physicist Julio Rodriguez explaining the Observatory to a visiting school group in the data acquisition center.
Recent exhibits that were field tested at the VC, notably the illuminated scale model of the Observatory developed at the Forschungscentrum Karlsruhe [1] and the Google Earth fly-over animation [3] developed by Stephane Coutu of Pennsylvania State University, have since been replicated elsewhere. As examples, copies of each display are in the interim Auger North VC at Lamar Community College in Colorado and in a new physics and astrophysics learning center called the Galileium in Teramo, Italy, whose director is Auger collaborator Aurelio Grillo.
III. THE 2007 AUGER SCIENCE FAIR
Following a successful Science Fair held in November 2005, the Collaboration sponsored a second Fair on November [16] [17] 2007 , that attracted the exhibition of 40 science projects in the areas of natural science, mathematics, and technology (see Fig. 3 ), in contrast to Page 30 
IV. THE 2008 AUGER INAUGURATION
The Collaboration held an inauguration ceremony on November [13] [14] [15] 2008 , to mark the complete installation of the southern hemisphere Observatory. More than 200 guests and 100 collaborators attended. Guests included Julio Cobos, the Vice President of Argentina, Celso Jacque, the Governor of Mendoza Province, both shown in Fig. 4 , the directors of Fermilab and CERN, several ambassadors, many high-level officials from funding agencies and research officers from collaborating instutions. The 3-day event featured talks on the history and status of the Observatory, the unveiling of commemorative monument, traditional folk music and dance performances during an outdoor asado, and opportu- nities for visitors to tour the vast Auger site. Many guests indicated how much they were impressed with Observatory and even enjoyed the dusty two-hour ride across the Pampa Amarilla.
V. OTHER OUTREACH ACTIVITIES
The scholarship program which brings top Malargüe students to Michigan Technical University (MTU), described in [1] , has enjoyed continued success. A fifth student in the program, who would normally begin his studies in science or engineering in the fall 2009, will be delaying matriculation for one year and enroll at MTU in the fall of 2010. The first MTU student from Malargüe who enrolled in 2001 completed a Masters Degree in mechanical engineering and has embarked on an engineering career in the U.S. The second and third students have also graduated and returned to Argentina with their engineering degrees. The fourth student will begin his third year of studies at MTU in the fall 2009.
In August 2007 and 2008, Observatory employee Analía Cáceres served as a lead organizer for the National Week of Science and Technology held at the Malargüe Convention Center. These interdisciplinary symposia drew paricipants from all over Argentina and featured several Auger collaborators speaking about the Observatory and other science topics.
The public release of extensive air shower data for instructional purposes [1] has proven to be successful, and web-based information and instructions are now available in English, Spanish, French, Italian, and German [4] . The web sites register an average of 50 unique hits per day from 43 countries, although the bulk of the traffic is from the U.S., Argentina, and a few European countries. A major spike in usage occured just after the Collaboration published its notable result on the correlation of arrival directions of its highest energy events with AGN galaxies [5] . The public data served as the basis for an award-winning science fair project of two students from Lamar High School in Colorado, shown in Fig. 5 . 
VI. AUGER NORTHERN SITE OUTREACH
As the Auger collaboration prepares its proposal to build a northern hemisphere site in southeast Colorado, the Education and Outreach Task continues to lay the groundwork for a comprehensive outreach program that will be linked to the outreach efforts in the southern hemisphere. Primary outreach goals in this period are to promote the Observatory in southeast Colorado, provide information to people at all levels, and establish early ties with science teachers and students in the region's schools. Lamar Community College (LCC) has been named the host institution for Auger North outreach, and efforts have been led by LCC employee Brad Thompson.
An interim Visitor Center has been established (see Fig. 6 ) in the LCC library which features explanatory posters, take-home information brochures, a scale model of a Surface Detector (SD) station, an SD photomultiplier tube, scintillator detectors which register cosmic ray muons as viewed on an oscilloscope, and a large flat screen monitor to view the Google Earth display [3] of the Observatory. This display was recently expanded to include the layout of the proposed northern site. A larger state-of-the-art visitor center is foreseen to be included in the headquarters of Auger North at LCC.
A recent highlight was the installation of two fullsized SD detector stations in the area, one on the LCC campus, and one near the county fairgrounds in the nearby town of Las Animas. The names for these stations, Pierre's Dream and Cosmos, respectively, were determined by a contest among area primary school students. The SD stations allow area landowners to view examples of detetectors they will be asked to host on their property as Auger North proceeds.
Page 32 An unveiling ceremony for the detectors was held on October 27, 2007, in both Lamar and Las Animas, with the mayors of each town welcoming the Observatory to the area. The winners of the detector naming contest were also recognized at the ceremony, as shown in Fig. 7 . Additional SD stations are presently being placed in visible locations in other towns in the footprint of the Auger North array, namely, in Springfield and Eads, Colorado. In addition to their role in public relations, the detectors will be filled with water and outfitted with temperature sensors for freezing studies, part of the R&D for Auger North. 
I. INTRODUCTION
High energy cosmic rays are indirectly characterized by measuring the extensive air shower cascades that they trigger in the Earth atmosphere. At ground level, and at distances greater than a few tens of meters from the axis, the shower is dominated by just two components: electromagnetic (electrons, positrons and photons) and muonic. The relative weight of these two components has invaluable information about the nature of the primary cosmic ray and of the high energy hadronic processes taking place at high altitude during the first interactions. Water Cherenkov detectors used by the Pierre Auger Observatory measure the combined energy deposition of charged particles inside its volume and are not well suited for discriminating between electromagnetic and muonic components. Therefore, as part of the Auger surface low energy extension AMIGA [1] , buried muon scintillators will be added to the regular surface stations of an infill region of the array. Provided enough shielding is ensured, these counters will allow the measurement of the muon signal and, in combination with their Cherenov tank companions, the estimate of the electromagnetic component. The final objective of this assemblage is to achieve high quality cosmic ray composition measurements along the ankle region [2] . Several prototyping activities are being carried out for the muon counters [3] and an additional detector is being constructed, BATATA. The main objective of the latter is to quantify the electromagnetic contamination of the muon signal as a function of depth, and so to validate in situ the numerical estimates made of the optimal depth for the AMIGA muon detectors. BATATA will be installed at the center of the future AMIGA array and will also serve as a prototype to aid the design of its detectors. The chosen site, from the point of view of soil properties and, therefore, of punch-through characteristics, is statistically equivalent to any other location of the area covered by the infill [4] .
II. THE DETECTOR
A schematic view of BATATA is shown in Figure  1 . The detector is composed by a set of three parallel dual-layer scintillator planes, buried at fix depths ranging from 0.50 m to 2.5 m.
Each layer in a plane is 4 m 2 and is composed by 49 rectangular strips of 4 cm x 2 m, oriented at a right angle with respect to its companion layer, which gives an xy-coincidencepixel of 4x4 cm 2 . The scintillators are MINOS-type extruded polystyrene strips [5] , with an embedded Bicron BC92 wavelength shifting fiber, of 1.5 mm in diameter [6] . Building and quality assessment protocols (e.g., cutting, polishing, gluing and painting) as well as the characterization procedures of the optical fibers and scintillator bars can be found in [7] . Light is collected by Hamamatsu H7546B 64 pixels multi-anode PMTs [8] . Each x-y plane is fitted inside an individual casing, where each orthogonal direction ends in its own front-end electronic board (FE), as shown schematically in Figure 2 . The casings are made of fiber glass and were specially designed to be water-and light-tight and to withstand handling during shipping and burying. They have two caps which allow for easy access to the corresponding front-end boards and optical couplings between PMTs and optical fiber cookies. The caps can be dismounted in two steps if necessary, one for inspection and servicing, and a second for cabling replacement, ensuring in both cases that water-tightness can be recovered. Additionally, the casing and sealing are versatile enough to allow for the straight forward addition of new components and cabling not specifically foreseen in the original design.
The front-end electronics works in counting mode and signals are transmitted to the surface DAQ stage using low-voltage differential signaling (LVDS). Any strip signal above threshold opens a GPS-tagged 2 µs data collection window. Data, including signal and background, are acquired by a system of FPGA Spartan boards and a TS7800 single board computer. The code controlling the data flux at the FPGA level was written in VHDL (VHSIC -Very High Speed Integrated Circuitshardware description language).
The front end boards are 12.3 ′′ ×9.3 ′′ and comprise 64 channels, of which only 49 are actually used at present.
The multi-anode PMT and its high-voltage supply are located on the board. Each channel includes: (i) an amplification stage, which uses the AD8009 operated at amplification factor ∼ 6, (ii) a discrimination stage, which uses a MAX9201 high-speed, low power, quad comparator with fast propagation delay (7ns typ at 5mV overdrive) connected in bipolar mode, (iii) a digital-toanalog converter TLC7226C to independently setup the discrimination voltage of each channel and, (iv) a highspeed differential line driver SN55LVDS31 to transform the discriminator output into a differential signal which is carried out to the surface and to the DAQ system some 17 m away (see, Figure 3 ). Each stage of the FE board has been tested with controlled square pulses of 50 mV height and ≈10 ns width injected at a frequency of 1 kHz. Mean outputs of the amplification and differentiation stages as well as output rates of 16 different channels are shown in Figure  4 .
The front end electronics resides in an enclosure which only exchanges heat with the surrounding ground by conduction. It has being experimentally determined that, under the most unfavorable conditions, the equilibrium temperature at the surface of the board never exceeds 40 o C, which is well inside the working range of the electronic components.
A cosmic ray EAS event triggers at least tens of channels in a time scale o a µ-sec. This rate is much higher than the ∼kHz background of the detector due to low energy cosmic rays and natural radioactivity. Therefore, EAS events can be easily detected with a simple trigger scheme implemented at the FPGA level. The FPGA trigger is implemented via software and can be easily changed if appropriate. In order to ensure the stability of the trigger rate, background events are also recorded at fixed time intervals during each run and are used to re-calibrate the discriminator thresholds at the end of each run. Additionally, in order to characterize the electromagnetic punch-through, EAS inside a limited energy range and with axis at a defined distance from the detector have to be selected. In order to attain this, BATATA also counts with a small triangular surface array of 3 regular SD Cherenkov stations at a separation of 200 m. This array provides the required offline selection capability for quasi-vertical showers in the vicinity of 10 PeV. The power consumption of BATATA is 200 W. This power is supplied by an array of 20 solar panels with their corresponding batteries, ensuring continuous operation during low insolation winter months.
III. END-TO-END SIMULATIONS AND DATA ANALYSIS
Muons are penetrating particles and propagate through the ground following a well defined track. Therefore, it is expected that, most of the times, they will only trigger one pixel at each layer. Furthermore, muons will tend to trigger x-y pixels in coincidence inside the same plane. Electrons, positrons and photons, on the other hand, are much less penetrating and generate rapidly evolving electromagnetic showers underground which have a lateral extension. Therefore, they will tend to leave 2-dimensional footprints in the detector, specially at the depths of maximum development of the cascades between ∼ 30 and ∼ 80 cm for particles that, on the ground, have energies in the range ∼ 0.5-10 GeV. These differences between muon and electromagnetic signatures at the detector are used for discrimination. This is schematically shown in Figure 1 , and motivates the uneven depths chosen for the three scintillator planes of BATATA.
The data analysis requires a thorough understanding of the statistical response of the detector to EAS particles impinging the ground above and in its vicinity. Therefore, a comprehensive set of numerical end-to-end simulations of the detector have been carried out. A combination of AIRES [9] and Geant4 [10] is used to simulate EAS development from the top of the atmosphere up to the ground, where particles are injected and followed using Geant4 while they propagate through the soil and into the scintillator bars. The subsequent photons produced by the dopants inside the polystyrene strips are followed while bouncing off the TiO 2 covering and into the wavelength shifting optical fiber. Finally, the green-shifted photons thus produced by the dopant of the fiber are transfered along up to the window of the PMT. The several parameters involved in the simulation of the scintillator are then fine-tunned to reproduce the structure of the time profiles and integrated charges of muon pulses actually measured under laboratory conditions. In parallel, the shower impinging the surface array is reconstructed using the Offline Auger reconstruction and data handling package [11] . Figure 5 shows some example of the output of the end-to-end simulations for the underground segment of BATATA. Figure 5a shows one simulated muon tracks and 2 low energy electromagnetic cascades crossing the 3 planes of the detector and the corresponding triggered strips, i.e., producing a voltage above threshold in their front-end discriminator. Figure 5b shows the simulated and the real mean pulse shape for background muons. The output of the overall simulation chain is an electronic PMT signal as shown in Figure 5c . As can be seen from Figure 5d , where a measured muon signal is shown, the simulations are able to reproduce satisfactorily the output of the detector. array of 3 water-Cherenkov detectors at a separation of 200 m is under construction and will be installed at the centre of the AMIGA extension to the Auger baseline design. BATATA will be used to quantify the electromagnetic contamination of the muon signal as a function of depth. and will also serve as a prototype to aid the design of the AMIGA muon detectors. BATATA is in its final phase of construction and its deployment will start on July 2009 with commissioning along the second semester of the year. Keywords: Ultra-high energy, Cosmic rays, Auger.
I. AUGER SOUTH REVIEW
The southern Pierre Auger Observatory near Malargüe, Argentina was completed in June 2008 and has produced science results for events with primary cosmic ray energies in the EeV range and above. The published results are based on exposures taken while the observatory was growing, and the integrated exposures are about 9,000 km 2 sr yr. One year of data taking with the full Auger South instrument (including arrival direction zenith angles from 0 to 60 degrees) represents approximately 7,000 km 2 sr yr. These results include the energy spectrum, with observation of the 'ankle'and GZK-like features [1] , and limits on the flux of primary photons [2] [3] and tau neutrinos [4] . The photon limits are already restricting some top-down models of cosmic ray production, and the neutrino limit is the best across the energy range expected for neutrinos produced in the GZK interaction. Studies of the arrival directions of the highest energy particles show that they correlate with the matter density within about 100 Mpc, and they may correlate with relatively nearby active galactic nuclei [5] [6]. The steep drop in flux, first published by HiRes [7] , occurs at about 60 EeV and generally corresponds in the Auger data to the threshold energy for the correlation with directions to nearby extragalactic objects. So the most energetic cosmic rays, those with the trans-GZK energies, appear to be of extragalactic origin. In addition data from Auger South have been used to study the average position of maximum shower development in the atmosphere, X max , and its correlation with primary cosmic ray type. For sources further than about 20 Mpc from Earth, light nuclei, such as carbon, nitrogen, and oxygen will break up due to interactions with photons more readily than iron, so the only nuclei expected to survive these distances in significant percentages are iron nuclei and protons. The Auger South result on X max shows that X max is tending to smaller values as energies approach the GZK feature, and this can be interpreted to indicate, within current models of hadronic interactions that are extrapolated from lower energies, that the primary composition is getting heavier [8] [9] . This measurement could signal new hadronic physics if the primary cosmic rays are protons.
The Auger South instrument is composed of an array of detectors to measure particles from extensive cosmic ray showers that reach the ground and optical detectors that overlook the surface detectors. The optical detectors, which function on dark and clear nights, measure the fluorescence of atmospheric nitrogen along the axis of the particle shower. The surface array of Auger South is comprised of over 1,600 water Cherenkov detectors placed on a triangular grid with 1.5 km spacing, covering 3,000 square kilometers [10] . On the periphery of the surface array are four buildings each housing six telescopes [11] that record the nitrogen fluorescence.
The results from Auger South present compelling evidence that the sources of cosmic rays above 60 EeV are extra-galactic and that the GZK effect reduces primary energies below this level for particles from sources more distant than the nearby universe. Thus it will be possible to study the nearby sources at highest energies without a diffuse background from the entire universe. Additionally, Auger South data allow one to measure particle interactions at energies not accessible to manmade accelerators, up to ∼500 TeV in the center of mass system, and there may be hints of new particle physics.
II. AUGER NORTH
The Auger South results imply an imperative to study the highest energy cosmic rays with the greatest statistical precision possible. The Auger South detector records approximately 20-25 trans-GZK events per year. The plan for Auger North is to build a ground array covering 20,500 km 2 with near complete fluorescence detector coverage. Auger North is proposed for southeast Colorado, USA -see Figure 1 . The acceptance is seven times that of Auger South, so the full Auger Observatory, South plus North, will detect (assuming flux about the same in the north as in the south) approximately 180 of the most interesting events per year -hopefully enough to study the energy spectra from individual sources in 10-20 years of observation.
The design of Auger North focuses on the highest energies while profiting from the successful experience with the southern Auger instrument. Water Cherenkov detectors and fluorescence detectors similar to those in the south are planned. There will be a few changes. The most important is that the Auger North surface detector spacing will be √ 2 miles (2.28 km) on a square grid. This spacing takes advantage of the land ownership pattern and partial road grid in the western United States, which is based on 1-mile (1.6 km) squares. For most of the array only every second corner of the square mile grid will have a surface detector unit. We plan 4,000 detectors covering 8,000 square miles for the majority of the array. On 800 square miles (2000 km 2 ) we will place a detector on every grid corner. Four-hundred additional surface detectors are needed for this in-fill, which will provide a connection to the high statistics at Auger South. The energy at which Auger South approaches 100% trigger efficiency is 3 EeV. Studies using Auger South data indicate that the trigger efficiency on the √ 2-mile pattern will be 90% at 30 EeV and that the 800 square-mile infill will be 90% efficient at 4 EeV. We plan to build five fluorescence detector buildings with a total of 39 telescopes at Auger North. Figure 2 shows the layout of Auger North. The telescopes will be farther apart than in the south to minimize costs, but above 30 EeV Auger North will still have near full hybrid coverage.
Other important changes include the use of only one large PMT in each surface detector instead of the three at Auger South (cost savings), and the need to insulate the Cherenkov tanks (colder winters in Colorado than in Malargüe). The topography in Colorado is not as flat as at the Auger South site, and there are no hills surrounding Auger North as there are in the south. These factors make it impossible to use the communications paradigm at Auger South in which data are transmitted from individual detectors to the fluorescence buildings on the perimeter of the surface array. At Auger North the data will flow from tank to tank until reaching a collection point. At Auger South the absolute calibration of the fluorescence detector is based on periodically placing a calibrated light source at the aperture of each telescope [12] to illuminate all 440 PMTs in the detector. This calibration is checked from time to time using a mobile laser positioned a few km from the telescope [13] . The laser is fired vertically, and the calculable flux of scattered photons is used to check the calibration of a line of PMT pixels in the telescope. The method is cumbersome since it requires moving the laser in the field to illuminate different telescopes or pixels. At Auger North we plan an array of permanent lasers to complement the method using a light source at the telescope aperture.
The fluorescence detectors for Auger North will be very similar to those in Malargüe. The basic design is unchanged, but the electronics and slow control will be updated. The main testbed for the Auger North fluorescence detector is the three HEAT telescopes [14] being built at Auger South.
III. R&D FOR AUGER NORTH
The main changes for Auger North require R&D to confirm the new designs and and in some cases to solve technical challenges. To this end the collaboration is building a small R&D array south of Lamar, Colorado, the main city in the site region. Lamar Community College (LCC), located a few miles north of the R&D array, is the host institution for education and outreach for Auger north. LCC is operating an interim visitors' center at the college, and puts on lectures for local residents at schools. Plans call for the main Auger North campus to be built at LCC. Figure 3 shows the layout of the R&D array. We plan to deploy 6 to 10 fully functioning Auger North tanks and 10 to 14 stations that have only communications equipment. We plan to start the deployment in 2009. The layout of the R&D array is driven by the new communications system, which uses the long and short arms to funnel the data to the central data acquisition center. In summer 2008 Auger collaborators made a survey of the signal transmission from all points on the R&D array to the neighboring stations.
The Auger South tanks are made of roto-molded polyethylene without insulation. One approach to insulate the Auger North tanks is to use a chemically foaming resin inside the tank as a manufacturing step. The technique is promising, and a few insulated tanks have been produced, but it is not yet at a production stage. We have made studies over the past few winters with non-insulated and hand-insulated Auger tanks in Colorado and Argentina with temperature probes in and around the tanks. We have measured significant heat flow from the ground into the tank in the winter, which indicates that the bottom of the tank should not be insulated. Our thermal models generally predict the water temperature as a function of ambient temperature and incident sunlight as the tanks approach freezing and ice starts to form. Work continues with the newly manufactured tanks insulated using the foaming resin. The goal is to optimize the thickness of the insulation (for cost) in the face of a simulated historical period of extreme cold.
Atmospheric studies at the Colorado site are moving forward with a system based on successful work at Auger South. We plan to install a vertically firing laser that will be viewed by two detection systems: a Raman LIDAR receiver installed at the laser site and directed along the laser beam to record the backscattered signal; and a system with a mirror and PMT camera similar to those used at HiRes (but with only a narrow stripe of PMT's installed) which we call the AMT (Atmospheric Monitoring Telescope). The AMT will be placed 30-40 km from the vertical laser beam, and so it is very similar to the CLF [15] /XLF technique used at Auger South to measure the vertical aerosol optical depth up to approximately 6 km. The two systems will make independent measurements of the aerosols while providing a test bed for Auger North atmospheric monitoring. In addition, we plan to place a nitrogen laser approximately 4 km from the AMT to test the concept of the permanent absolute calibration laser. The AMT will use the electronics developed for the HEAT telescopes.
Other R&D includes work on surface detector electronics to extend the dynamic range of the Cherenkov detectors, and studies with new GPS receivers. We will also exercise deployment techniques and in general learn about working in Colorado to build Auger North. This R&D array is similar to the Engineering Array [16] of Auger South in that the goals are to fully reconstruct extensive air showers at each site -separately with the surface detector in Colorado and the HEAT fluorescence detectors in Argentina. The aim is to bring as many components as possible to the pre-production stage and to validate cost estimates for Auger North. 
IV. OUTLOOK
The goals of the Auger Observatory have been, since the inception of the project, to "discover and understand the source or sources of cosmic rays with energies exceeding 10 19 eV.". Results from the southern section of the Observatory in Argentina have shown that the highest energy particles are likely of extra-galactic origin and that the flux of these particles drops significantly at the energy where a correlation with matter in the nearby universe sets it. The highest energy cosmic rays do not arrive isotropically at 99% confidence level. The data from Auger South indicate that the primaries are not photons and that they are tending toward heavier nuclei as the energy approaches the energy of the flux drop and the correlation with extra-galactic matter. The correlation and the tendency toward shallow X max pose a challenge to our understanding from the astrophysical point of view. The solution lies in gaining more data at energies at and above the energy of the flux drop and correlation, which is about 60 EeV. The Auger South detector is large enough to detect about 20-25 of these events a year. Figure 4a shows scale outlines of four cosmic ray detector arrays, and 4b plots corresponding exposures (assuming a certain start date for Auger North). The left half of Figure 4a shows AGASA, which is no longer taking data, the Telescope Array near Delta, Utah, USA, and Auger South at Malargüe, Argentina. The proposed northern part of the Auger Observatory is also shown; it is about seven times the area of Auger South. Assuming the flux of trans-GZK events in the northern hemisphere is about the same as that measured in the south, Auger North and Auger South together will measure approximately 180 trans-GZK events per year.
